Background Current preoperative risk stratification modalities for pancreatic ductal adenocarcinoma (PDA) patients are inadequate. Elevated serum matrix metalloproteinase 7 (MMP7) is associated with metastatic PDA. We evaluated preoperative MMP7 level as a prognostic marker in patients with resectable PDA. Methods From a prospectively maintained database, we identified PDA patients who underwent operation with curative intent from 2004 to 2008 and had serum collected preoperatively. MMP7 was measured by enzyme-linked immunosorbent assay. Patients were defined as having advanced disease if they were found to be unresectable at the time of operation or had nodal involvement on final pathology. Results Preoperative serum samples were available for 134 patients. Using a cutoff of 13.5 ng/mL, MMP7 was highly predictive for advanced disease. For patients who underwent R0 resection, MMP7 > 13.5 ng/mL was strongly associated with N1 status, T3/ T4 stage, moderate/poor differentiation, and perineural invasion. The median recurrence-free survival was 5.0 months in patients with MMP7 > 13.5 ng/mL versus 9.9 months for patients with lower values (P = 0.004). Conclusions Very elevated serum MMP7 was highly predictive of unresectable disease and nodal involvement despite favorable preoperative cross-sectional imaging. MMP7 should be further evaluated as a biomarker to risk-stratify PDA patients prior to operation.
Introduction
Despite the use of modern imaging modalities, 15-25 % of pancreatic ductal adenocarcinoma (PDA) patients with putatively resectable tumors are found to have unresectable disease at the time of exploration either due to local invasion or occult metastasis. 1, 2 For patients who undergo R0 resections, the median survival is less than 2 years, which suggests that a significant number of patients had occult distant disease at the time of presentation and accentuated the inadequacy of current staging modalities. 3 Improved risk stratification methods are needed to identify patients who will not benefit from surgical resection as first-line therapy. Since lymph node involvement is one of the strongest prognostic variables for PDA, the ability to predict nodal disease will significantly improve risk stratification accuracy.
Matrix metalloproteinase 7 (MMP7) is an epitheliumderived member of a family of zinc-dependent endopeptidases that is overexpressed in PDA. Elevated serum MMP7 level is associated with stage IV disease in PDA patients. 4 Increased MMP7 has also been found to be associated with malignant diagnosis or worse outcomes in patients with prostate, 5 bladder, 6 renal cell, 7, 8 ovarian, 9, 10 and bile duct cancer. 11 We hypothesized that preoperative serum MMP7 can identify patients with advanced disease despite favorable preoperative radiographic findings.
Materials and Methods
The prospectively maintained Memorial Sloan Kettering Cancer Center database was queried for patients who underwent operation for PDA from 2004 to 2008. All patients were consented to our disease-site serum and tissue banking protocol. A waiver of authorization was obtained from our Institutional Review Board prior to review of any patient information.
We retrieved all relevant clinicopathologic and survival data for patients who had preoperatively collected serum samples available for MMP7 measurement and recorded recurrence-free survival and disease-specific survival. The charts of these patients were reviewed to ensure that it was the opinion of the attending surgeon that the planned operation was for curative intent. Patients were defined as having an advanced disease if they had an unresectable disease found at the time of operation or if they had positive lymph node involvement in the resected specimen. Serum MMP7 was measured by a sandwich enzyme-linked immunosorbent assay method according to the manufacturer's instructions (Quantikine Human Total MMP-7 Immunoassay, R&D Systems, Inc, Minneapolis, MN). Samples were stored at −80°C since collection and no prior freeze-thaw cycles had been performed. The samples were thawed and diluted by 1:4 ratios and assayed in duplicates with two separate runs. The dilution ratio was altered as needed to ensure that the readings were within the linear proportion of the standard curve. The assay was repeated when standard deviation between duplicates was greater than 10 % or if there was a greater than 10 % difference between runs. The mean of all four samples was used as the reported value.
The Mann-Whitney U or Kruskal-Wallis test was used to compare the median MMP7 between cohorts. Fisher's exact test was used to determine association of elevated biomarker level and a given variable. A receiver operating characteristic (ROC) curve was generated to evaluate MMP7 or CA19-9 as a diagnostic test for advanced disease. Univariate logistic regression was employed to analyze the association between demographic and clinical factors and our primary endpoint. Survival data were analyzed via the Kaplan-Meier method, and the curves were compared by the log-rank test.
Results

Clinicopathologic Characteristics and Serum MMP7
One-hundred and thirty-four patients had serum samples collected preoperatively, and their characteristics are presented in Table 1 . At the operation, 36 patients (27 %) had unresectable disease due to locally advanced tumors (n = 17, 13 %) or occult metastatic disease (n = 19, 14 %). Of the 98 patients who underwent complete resection, 74 (76 %) had N1 disease. Thus, a total of 110 patients had advanced disease. With a median follow-up of 18 months, 73 % of patients had died from disease, 10 % had no evidence of disease, 9 % were alive with disease, and 8 % had died of unknown or unrelated causes.
The median MMP7 value was 7.0 ng/mL, with a range of 1.7 to 33.0 ng/mL and an interquartile range of 5.0 to 10.7 ng/ mL. MMP7 was significantly higher in patients who had higher T stage (P = 0.04), nodal involvement (P = 0.02), vascular invasion (P = 0.006), moderate/poor differentiation (P = 0.04), and advanced disease (P = 0.006).
Highly Elevated MMP7 Was Specific for Advanced Disease
A receiver operating characteristic (ROC) curve was constructed to evaluate serum MMP7 as a diagnostic tool to predict unresectable disease and nodal involvement. The area under curve (AUC) was 0.68 (95 % confidence interval (CI) 0.57 to 0.79), which makes MMP7 a modestly useful diagnostic assay to predict advanced disease. However, we noted that at the very elevated value of 13.5 ng/mL, MMP7 was highly predictive for unresectable disease or nodal involvement (PPV = 100 %), albeit at a very low sensitivity of 18 % and a negative predictive value (NPV) of 21 % (Fig. 1a) . We also constructed a ROC curve using CA19-9 and found that in our cohort, CA19-9 was not predictive of advanced disease (AUC = 0.57, 95 % CI 0.40-0.73, Fig. 1b) .
Of the 20 patients (15 %) who had MMP7 ≥ 13.5 ng/mL, three had occult metastases and five had locally unresectable disease. All 12 patients who underwent resection and had MMP7 greater than 13.5 ng/mL had nodal involvement on final pathologic evaluation (Table 2) . Importantly, MMP7 > 13.5 ng/mL was correlated with pathologic findings that are known to be associated with poor outcomes such as nodal involvement (P = 0.04) and vascular invasion (P = 0.03) ( Table 2 ). Unfavorable outcome was correlated with highly elevated MMP7 (P = 0.02), as expected based on the ROC curve. We also used logistical regression to evaluate the association between highly elevated MMP7 and these pathologic variables. We found that serum MMP7 ≥ 13.5 ng/mL was highly predictive for nodal involvement, T3/T4 stage, moderate/poor differentiation, and perineural involvement.
Multivariate analysis of these factors was not possible as they are highly correlated and/or already perfectly predictive.
For patients with MMP7 ≥ 13.5 ng/mL, the median time to recurrence was 5.0 months as compared to 9.9 months in Fig. 1 Receiver operating characteristic curves for using serum a MMP7 or b CA19-9 to predict unresectable disease or nodal involvement. AUC area under curve. CI 95 % confidence interval patients with lower MMP7 (P = 0.004, Fig. 2a) . Interestingly, disease-specific survival was not different between the two groups (17.7 months for high MMP7 and 25.5 months for low MMP7, NS, Fig. 2b ). We also found that MMP7 identified a subset of patients who had advanced disease despite relatively low CA19-9. Six of the 43 patients (14 %) with CA19-9 < 150 U/mL, three of the 13 patients (23 %) with normal CA19-9 (<37 U/mL), and one of the six patients (16 %) who did not secrete CA19-9 had MMP7 ≥ 13.5 ng/mL and correspondingly advanced disease.
Discussion
Prognosis for pancreatic ductal adenocarcinoma patients is dismal. Even for patients who undergo R0 resections, the 
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Fig . 2 Kaplan-Meier curves for a recurrence-free survival and b disease-specific survival when patients are stratified based on MMP level of 13.5 ng/mL median survival is less than 2 years, which suggests that a significant proportion of these patients have advanced disease burden at the time of operation. 3 The short survival interval also emphasizes the inadequacy of current risk stratification modalities. Improved preoperative risk stratification to identify patients with aggressive tumor biology despite favorable staging studies will help avoid futile operations. In addition, avoiding unnecessary operations will expedite the initiation of systemic therapies, which may improve quality of care and prolong survival.
In this pilot study, we evaluated serum MMP7 as a prognostic biomarker for patients with putatively resectable pancreatic cancer. Because previous work has shown that elevated serum MMP7 is associated with metastatic PDA, 4 we hypothesized that it may predict occult advanced disease in patients with seemingly resectable tumors. We found that MMP7 is of only modest utility as a diagnostic tool to predict unresectability and nodal involvement (AUC = 0.68) due to its poor sensitivity. However, we noted that for patients who had levels above 13.5 ng/mL, which was approximately 15 % of the cohort, MMP7 was highly predictive for unresectable disease or nodal involvement.
Obtaining this powerful prognostic information at the preoperative time point can rationally guide clinical recommendations for patients with putatively resectable disease. While unresectability clearly precludes operative intervention (with curative intent), the ability to predict nodal involvement may also alter recommendation for upfront operation since lymph node disease is strongly associated with worse outcomes. According to the SEER database, patients with N1 disease have only 10.7 % 5-year survival, as compared to 27.1 months for patients without nodal involvement (http://seer.cancer.gov/ statfacts/html/pancreas.html). In our cohort, median recurrence-free survival for patients with nodal involvement was 8.5 months as compared to 48 months for patients with N0 disease (P < 0.001). The fact that highly elevated MMP7 was associated with vascular invasion and strongly predictive of N1 status, advanced T stage, moderate/poor differentiation, and perineural invasion is consistent with the conclusion that highly elevated MMP7 is a marker for advanced disease.
Based on our data, we estimate that approximately one in five patients with tumors judged to be resectable based on preoperative staging studies will actually have unresectable disease or nodal involvement that can be identified using MMP7 testing. If validated, preoperative MMP7 levels may be useful to stratify patients to upfront systemic treatment despite favorable cross-sectional imaging. Our data also suggests that MMP7 can be used in conjunction with CA19-9, as MMP7 was highly elevated in 14-23 % of patients who had relatively low or normal CA19-9 and correctly predicted advanced disease.
The median time to recurrence for patients with highly elevated MMP7 who underwent R0 resection was approximately 5 months, as compared to 10 months in patients with lower MMP7. The rapid recurrence in patients with high MMP7 is consistent with the association of highly elevated MMP7 to pathologic findings associated with worse outcomes. Interestingly, there was no significant difference in overall survival when patients are stratified by MMP7. This may be due to our relatively small sample size, a reflection of the poor sensitivity of MMP7 (i.e., there were still a large number of patient with poor biology in the low MMP7 group), or underlying biology in patients with highly elevated MMP7 where despite early recurrence, they are able to achieve relatively long overall survival. Future studies will be needed to distinguish between these possibilities.
Previous pathologic analysis showed that PDA overexpresses MMP7, which is normally expressed only in the small intestine and the cycling uterus. 12 One possible explanation for why elevated MMP7 is a marker of advanced disease is that as cancer cells establish distant colonies in locoregional lymph nodes or end organs, the amount of circulating MMP7 increases in proportion to the number of cancer cells with access to the circulation. This is consistent with our finding that elevated MMP7 was associated with nodal or vascular involvement.
The current report has several limitations. As a pilot study, we evaluated a relatively small number of patients. In addition, the single-institution retrospective nature of the study predisposes the results to selection bias. Thus, the utility of preoperative serum MMP7 as a prognostic marker needs to be validated in a prospective manner in larger cohorts.
Conclusions
For patients with very elevated MMP7 levels, advanced disease was common despite favorable cross-sectional imaging or relatively low CA19-9. Serum MMP7 should be further evaluated as a potential prognostic biomarker for patients with pancreatic cancer as it may improve preoperative risk stratification.
